1. The effect of breathing anaesthetic aerosols (lignocaine 20% and bupivacaine 2. The cough reflex was blocked in every experiment. 3. The inflation reflex was abolished in eleven out of twenty-six rabbits given ligno-4. The deflation reflex was blocked pari passu with the inflation reflex. 5. The ventilatory response to histamine was sometimes blocked; more commonly it was partially preserved.
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The tachypnoea present in man and animals with some pathological conditions of the lung is mediated by afferent vagal fibres (Guz, Noble, Eisele & Trenchard, 1970; Eisele & Jain, 1971 ;  Guz & Trenchard, 1971 ; Trenchard, Gardner & Guz, 1972) . This was demonstrated by either studying the effects of cervical vagotomy or total abolition of vagal conduction using local anaesthetics. The investigations have been extended in rabbits, using a differential block of conduction in the cervical vagus nerves obtained by anodal hyperpolarization (Guz & Treiichard, 1971) ; conduction in the non-myelinated fibres could be preserved intact, while conduction in all other fibres was blocked. It was concluded that the tachypnoea seen in pulmonary microembolism and lung inflammation was mediated by the non-myelinated fibres.
In man, the technique of vagal block is difficult and the technique of anodal hyperpolarization is inapplicable. Petit & Delhez (1970) reported that tachypnoea, hyperventilation and the accompanying sensation of breathlessness produced by the inhalation of histamine aerosol, could be abolished in three out of ten sensitive subjects, by the prior inhalation of an aerosol of 20% lignocaine solution. These authors did not investigate which areas of the lungs were anaesthetized and what reflexes, if any, were abolished. However, their results were of sufficient interest to suggest that the inhalation of an anaesthetic aerosol might prove a safe and reversible method of vagal block within the lung. It was also conceivable, that by a careful choice of the aerosol particle size, it might be possible to limit this block to nervous pathways in the airways without affecting those at alveolar level. The present study was therefore designed to test the effect, in the experimental animal, of administration into the airway of anaesthetic aerosols of known particle size on pulmonary vagal reflex mechanisms. This was regarded as a necessary preliminary to any study in man of a similar nature.
M E T H O D S
Anaesthetic aerosol studies Forty-nine rabbits (2-3-4.3 kg) were used. All surgical procedures were performed under 05-1.0% halothane in N,O+ 0, (50: 50); this was replaced by light chloralose anaesthesia (Merck, 40 mg/kg) before any observations were made. A tracheal cannula in series with a pneumotachograph (Fleisch 0) was inserted. Polyvinyl catheters were introduced into a femoral artery and vein; the venous catheter was floated centrally to the proximity of the right atrium. Both cervical vagus nerves were prepared for section later in the experiment. In five rabbits, a Malecot catheter was inserted into the right chest cavity and attached to a source of negative pressure of 10 cmH,O. 0, was added to the inspired air to maintain the arterial partial pressure of oxygen (Payo,) > 150 mmHg and thus minimize chemoreceptor stimulation. Air flow, tidal volume, airway pressure, femoral artery pressure, Pa ,o, and Pa,co, were all measured as described previously (Guz & Trenchard, 1971) . Rectal temperature was monitored and kept between 37 and 38°C.
Two similar series of experiments were performed using different local anaesthetics ; first, an aqueous solution of 20% lignocaine, pH 6.0, containing 10 pg of adrenaline/ml, and secondly, 5% bupivacaine in NaCl(l50 mmol/l), pH 4.6. Aerosols of these solutions were produced in a Wright nebulizer (British Oxygen Company) using 0, at a constant flow rate of 15 litreslmin. Estimates of the amount of aerosol generated in this way showed that each 100 ml of 0, contained approximately 0.85 mg lignocaine or 0.25 mg bupivacaine. The aerosol particle sizes were measured by microscopy of a glass slide coated with magnesium oxide, that had been placed in the aerosol stream at the junction of the tracheal cannula with the trachea. The particle diameters ranged from 5 to 19 pm; most were in the range 7 to 11 pm (Fig. la) . The method of giving the aerosol is shown in Fig. l(b) . The aerosol stream from the generator passed the end of the tracheal cannula, the pneumotachograph having been removed, so that the animal breathed from the aerosol. By clamping at A, the aerosol was diverted into the lungs, until the airway pressure rose to 10-20 cmH,O. A clamp was then applied at B and the clamp at A released. The lungs were kept inflated in this way for approximately 10 s, allowing time for the particles to settle. The clamp at B was then released and the animal allowed to breathe for 2-8 s, after which the whole manoeuvre was repeated. The period between the inflations was adjusted to minimize any change in overall alveolar ventilation, as estimated from the blood gas measurements. Fifty of these inflations could be given in about 15 min. If any inflation pressure exceeded 20 cmH,O then that inflation was immediately let out to avoid damage to lung tissue.
The temperature of the 5% bupivacaine solution was kept above 40°C to prevent precipitation of the anaesthetic.
Lignocaine and bupivacaine concentrations in plasma were measured by a modification of the method of Reynolds & Beckett (1968) using gas chromatography. Samples of venous blood were taken at varying times during and after the administration of the aerosol.
Ten of the rabbits were used for control studies; in four of them saline was substituted for the local anaesthetic solutions, and in two of them the inflations were performed with 0, alone without aerosols. A further four rabbits were given intravenous infusions of anaesthetic, two with lignocaine and two with bupivacaine, to produce plasma concentrations of the drug comparable with those found in the animals given aerosol anaesthetic. The infusion rates were 0.6 mg kg-' min-' for the lignocaine and 0.15 mg kg-' min-' for the bupivacaine. The local anaesthetics were infused over a similar time course to that taken by the administration of the aerosol.
The following five reflex responses were investigated. First, cough was studied by inserting a fine polythene probe into the trachea as far as its bifurcation to produce tactile stimulation of the epithelial lining. Secondly, the ventilatory response to lung inflation was elicited by a range of constant pressure inflations, and the response to lung deflation was studied by the induction of a small unilateral pneumothorax (Guz & Trenchard, 1971) . Finally, the ventilatory response to intravenous injections of both histamine acid phosphate, 25-100 pg/kg (Karczewski & Widdicombe, 1969b) , and phenyldiguanide (PDG), 25-40 pg/kg (Dawes, Mott & Widdicombe, 1951) , were recorded. A bolus of drug contained in less than 0.5 ml of NaCl(l50 mmol/l) was injected into the venous catheter, the moment of injection being recorded by an event marker activated by a foot-switch pressed by the person giving the injection. Each of the responses was elicited when the animals had reached a steady state, approximately 30 min after the administration of chloralose. The aerosol was then given for a number of successive inflations until the inflation reflex appeared to have been blocked as judged by the disappearance of apnoeic response to inflation, or until the impairment of the apnoeic response had attained a maximum. All the responses were then re-tested and further aerosol given if necessary. The maximum number of inflations given was 200; the control series of animals received a similar number of inflations ( Table 1 ). The animals were usually allowed to recover for at least 30 min, then the responses were re-tested. The cervical vagi were then cut and the observations repeated. The reproducibility of the results was assessed in some rabbits by giving the anaesthetic a second or third time, allowing time for recovery in between. Both lignocaine and bupivacaine aerosols were used successively in three rabbits but only after the inflation reflex had recovered. To examine whether the prevailing degree of bronchomotor tone could affect the results obtained, atropine (1 mg/kg) was given intravenously before the aerosol administration in seven rabbits who received lignocaine, one who received bupivacaine and two in the control group who received saline.
The effect on lung resistance of stimulating the parasympathetic efferent pathway to the bronchial musculature was assessed before and after the administration of a bupivacaine aerosol.
At the termination of the experiment, lungs were examined for any macroscopic pathological change. Some of the lungs were removed and fixed by the intratracheal infusion of 10% formal-saline. Routine histology with light microscopy was thenperformed, particular attention being paid to the trachea and airways at different levels.
Definition of the ventilatory response to histamine and PDG originating from the lung receptors
Nine rabbits were used. A left atrial catheter was inserted at thoracotomy and the chest closed; the animals were then prepared as described above. PDG (20-50 ,ug/kg) and histamine acid phosphate (25-100 pg/kg) were injected in turn as described above, into the left atrial catheter and the ventilatory responses were compared with those obtained from injection into the central venous catheter. The injections were repeated after cervical vagotomy. Injectionresponse times were defined as the time between the beginning of the injection and the first visible change in the pattern of breathing; the error is unlikely to have been greater than 200 ms. The significance of changes in the injection-response times as a result of an experimental procedure has been assessed by a paired t-test. The level of significance has been taken as P < 0.05 in a one-tail t-table.
These experiments were performed in view of the suggestion by Glokowska & Widdicombe (1973) that a substantial part of the ventilatory response to intravenous PDG may not arise from lung receptors.
Lung resistance studies
Five rabbits were studied. Transpulmonary pressure and lung resistance were measured as described by Guz & Trenchard (1971) using the 'subtractor' method of Mead & Whittenberger (1953) and Nadel & Widdicombe (1962) . At least three consecutive measurements of the angle between the curve relating transpulmonary pressure (ordinate) to airflow (abscissa) were made and the mean so obtained was considered to represent the lung resistance at that time. Measurements were only made where 'subtraction' produced a straight line. It was common to find that inspiratory resistance differed from expiratory resistance (Karczewski & Widdicombe, 1969a) and that 'subtraction' for one was inappropriate for the other. Under these circumstances, only inspiratory or expiratory resistance was measured and the one chosen for study depended on where the best subtraction could be achieved.
The effect of an aerosol of bupivacaine on lung resistance was determined at a time when the inflation reflex was blocked. In two of the animals a comparison was made with the effect of an aerosol of saline. In three of the animals the cervical vagi were sectioned and the peripheral cut ends electrically stimulated with bipolar Ag/AgCl electrodes through which rectangular pulses of 500-1000 ps were delivered by a Devices Mark 4 stimulator. The voltage was adjusted to produce maximal increases in lung resistance; at this time a variable degree of cardiac slowing and systemic hypotension was always present. The change in lung resistance in response to efferent vagal stimulation was compared before and after the administration of a bupivacaine aerosol. The amount of aerosol given was always greater than that which had previously been sufficient to abolish the inflation reflex in the same animal before the vagi were cut.
R E S U L T S Anaesthetic aerosol studies
there were no consistent changes in arterial pressure or heart rate.
Cough reflex
The cough reflex was present at the beginning of the study in all rabbits except for three of the experimental group and one in the control group. It was always abolished by the anaesthetic aerosols and usually recovered within 20-60 min. The duration of this effect outlasted the duration of the impairment of any of the other reflexes mentioned below. In none of the control group was the cough reflex impaired by the procedures used.
Inflation reflex
The strength of the inflation reflex was expressed as a ratio of the duration of the apnoeic pause to the duration of the preceding normal respiratory cycle (inhibitory ratio, Widdicombe, 1961) . The reflex was abolished in eleven out of the twenty-six rabbits given lignocnine aerosol, and in all but one of the fifteen rabbits given bupivacaine aerosol. The data in both experimental and control groups are given qualitatively in Table 1 , and typical examples are shown in Fig. 2 . It is difficult to quantify impairment of the inflation reflex, and hence the terms 'minimal', 'moderate', and 'severe', as used in ordinary speech, have been employed. These terms refer to graded degrees of a shift to the left in the curves shown in Fig. 2 , with total abolition represented by a line vertical to the x-axis at an inhibitory ratio of 1. There is no relationship between the impairment of the inflation reflex and changes in Pa,co, ( Table 1) The number of inflations required to produce a given effect varied considerably, but smaller numbers of inflations were required with bupivacaine aerosol. The inflation reflex started to recover within 5-15 min after the last aerosol inflation. Recovery was complete, with occasional enhancement, by 30-40 min. There was no obvious difference between lignocaine and bupivacaine experiments. The experiments in the control group had virtually no effect on the inflation reflex even though the plasma concentrations of anaesthetic in the lignocaine and bupivacaine infusion experiments were higher than those resulting from the aerosol experiments (Fig. 2, Table 3 ).
Deflation reflex
While the inflation reflex was blocked, the deflation reflex was tested in four rabbits, given bupivacaine aerosol, and in each case it was abolished for a similar period to that of the inflation reflex (Fig. 3) . 
Plienyldiguanide experiments
Ventilatory response to PDG originating from lung receptors. The dose of PDG chosen in any individual rabbit was that which gave a minimal but well-defined response (Dawes et al., 1951; Guz & Trenchard, 1971) . The typical ventilatory response to a central venous injection of the drug consisted of a rise in functional residual capacity (FRC), a tachypnoea and a reduced tidal volume; the response began on average within 2.4 s of injection and lasted 20-30 s. The response was completely abolished after vagotomy (Fig. 4) . By contrast, the typical response to a left atrial injection consisted of a small reduction of tidal volume and a small increase in respiratory frequency with no change in FRC; the response commenced within 1 s of injection and lasted no longer than 10 s. After vagotomy, the response was largely abolished but it was common to see a small, delayed ventilatory change presumably originating from receptors at the carotid bifurcation (Dawes et al., 1951) . The characteristics of the first part of the ventilatory response to a central venous injection of PDG were taken to represent the effect of stimulation of receptors at alveolar level during the initial passage through the pulmonary circulation; these are presumably the 'J' receptors (Paintal, 1969) .
Effect of anaesthetic aerosol. In all forty-nine rabbits the response to PDG originating from the lung was unimpaired by either of the anaesthetic aerosols at a time when the cough, inflation and deflation reflexes were blocked. In the majority the response was enhanced so that the increase in FRC and tachypnoea merged into a maintained inspiration; with recovery, the response returned to the control situation (Fig. 5b) . The injection response times were 2.43Jr0.49 (1 SD) s, before the anaesthetic block and 2.52Jr0.07 (1 SD) s, during the block; there is no significant difference between these values (n = 17,O.l >P>0.05). The ventilatory response to PDG in the control group of animals was also never impaired; on occasions, the response was slightly enhanced and this change did not revert to the control situation after the experimental procedure.
Histamine experiments
Ventilatory response to histamine originating from lung receptors. The dose of histamine chosen was the minimum that gave a reproducible change in the pattern of breathing and gave a well-defined response (Karczewski & Widdicombe, 1969b) . The typical ventilatory response from a central venous injection consisted of an increase in FRC, tachypnoea and reduction in tidal volume. The response began an average of 4 s after the injection and lasted for at least 20-30 s; it was abolished by vagotomy. The same dose of drug given into the left atrium had no effect on breathing (Fig. 6) .
A ventilatory response to the intravenous injection of histamine was therefore taken to originate from lung receptors, presumably the 'irritant' receptors described by Mills, Sellick & Widdicombe (1969) .
Efiect of anaesthetic aerosol. The effect of the administration of lignocaine (n = 22) and bupivacaine (n = 2) aerosols on the ventilatory response to intravenous histamine was variable. In seven rabbits there was abolition of the response (Fig. 5a) , a further twelve rabbits, including the two given bupivacaine, showed weakening of the response, while in the remaining five rabbits there was no change. In those animals in which the response was still present, although impaired, the injection response times were 4.03 k SD 0.76 s before anaesthetic block, and abolition of the inflation reflex, there was no effect on the response to histamine; in three other rabbits (11, 12 and 19) , the converse was true.
Effect on pattern of breathing
Reduction or abolition of the inflation reflex was associated with slower deeper breathing (Table 1 , Fig. 7) . In twenty animals with abolition of the inflation reflex, the frequency (f) fell by an average of 16% and tidal volume (VT) increased by an average of 30%. Breathing slowed primarily as a result of a prolongation of inspiratory time (Figs. 3 and 7) . The control pattern of breathing was restored as the block wore off. Section of the vagus nerves in two rabbits (88, 89) at a time when the inflation reflex was abolished, resulted in some further slowing of breathing, primarily due to a further prolongation of inspiratory time (Fig. 7) . This additional effect of vagotomy on the pattern of breathing was usually observed in the other rabbits whose inflation reflex had been completely blocked, and whose vagi were sectioned after recovery from the block.
Lung resistance
There was no change in lung resistance in all five rabbits at a time when the inflation reflex was blocked with a bupivacaine aerosol (Table 2) ; a similar result was found with saline aerosol. The measurements reported were made about 3 min after the last aerosol inflation had been given, to allow a transient reduction in resistance of about 30% to pass off; this transient The inflation reflex was abolished with twenty-five inflations, but the blood sample was only taken after a further fifteen inflations. reduction was present with both aerosols and was thought to be due to the effects of stretching the lungs (Karczewski & Widdicombe, 1969a) .
Efferent vagal stimulation produced an immediate increase in lung resistance. The magnitude of this effect was not diminished after administration of bupivacaine aerosol (Table 2) .
Plasma Concentration of anaesthetic
The plasma concentrations of anaesthetic present in the experimental and control studies are shown in Table 3 . The maximum plasma lignocaine concentration achieved after 100 inflations was 3.06 pg/ml, whereas the maximum bupivacaine concentration achieved after forty inflations was 2.25 pg/ml. There was no relationship between the plasma concentration of anaesthetic and the effect on the inflation reflex. No adverse effects were seen suggestive of toxicity.
Post-mortem examination of the lungs examination.
No pathological changes were found in the airways on both macroscopic and microscopic
D I S C U S S I O N
The results demonstrate that in small animals like the rabbit it is possible to block some of the pulmonary vagal reflexes by inhalation of local anaesthetic aerosol. The principles that determine the relationship between the size of inhaled particles and the site of their deposition are fully described elsewhere (Hatch & Gross, 1964) . Using the data of Palm, McNerney & Hatch (1956) and Brown, Cook, Ney & Hatch (1950) these authors concluded (Fig. 4 .13 in their article) that in man, monkey and guinea-pig, only particles with diameters of less than 4 pm can deposit significantly in the alveoli; most alveolar deposition occurs with particles of 1-2 pm. If these results can be applied to rabbit, then the size of the particles used in the present study would ensure their deposition predominantly in the airways. The probability of deposition has been maximized by allowing time for this to occur using sustained inflations. Petit & Delhez (1970) used an aerosol of 20% lignocaine containing 10mgof adrenaline/ml in dog and man. They were unable to achieve any respiratory effects with anaesthetic concentrations less than this or without the addition of adrenaline. It is probable that on the surface of the mucous membrane and within it, the concentration of lignocaine would be much less than 20% because of dilution with tissue fluids. Systemic absorption of adrenaline resulting from the very high concentration used complicates the interpretation of results, and therefore this drug has not been used in the present studies in concentrations greater than 10 pglml. There is no evidence that adrenaline in this dosage is exerting any systemic effects at all. Lignocaine proved to be erratic in producing a block, though it was often effective. By contrast, 5% bupivacaine without adrenaline produced blockade of ventilatory reflexes both more consistently and more rapidly. The much greater lipid solubility of bupivacaine at physiological pH (Reynolds, 1970) would facilitate and accelerate its penetration of mucosal and submucosal layers. Bronchial secretions at a pH of approximately 8.0 (L. Reid, personal communication) will presumably buffer the acidic pH of the anaesthetic solutions used in the present study. The nature of the block was the same with both anaesthetics.
The apparent absence of systemic toxicity with the aerosols was consistent with the plasma concentrations measured. In the case of bupivacaine, these were considerably below 1.5 ,ug/ml at which concentration subjective toxic symptoms may begin to appear in man (Reynolds, 1971) . The corresponding concentration for lignocaine is 3.0 ,ug/ml of plasma and this was exceeded in one rabbit despite the absence of an effective block. The block achieved with the aerosols could not have been due to any systemic effect from absorbed local anaesthetic since much higher plasma concentrations achieved by infusion of the drugs were not associated with any effects on ventilation, circulation, or lung reflexes. An analysis of the nature of the block requires an understanding of the anatomical distribution of the receptors and the afferent and efferent fibres associated with the various responses studied. Unfortunately, the present state of knowledge on this subject is deficient (Fillenz & Widdicombe, 1972) . The receptors initiating cough have been defined in the trachea, carina and points of bronchial branching in the extrapulmonary airways, and lie in the mucosal layer between epithelial cells. The site of stretch receptors mediating the inflation reflex is uncertain although the most commonly held opinion is that they are situated in the smooth muscle layers of the airways, extending as far as the level of the respiratory bronchioles (Widdicombe, 1964; Fillenz & Woods, 1970) . There is greater uncertainty about whether there are specific receptors mediating the deflation reflex. Opinion is divided as to whether this reflex merely represents the 'inverse' of the inflation reflex, due to a reduction in discharge from pulmonary stretch receptors (Breuer, 1868; Noble, 1969; Guz & Trenchard, 1971) , whether part or all of the response is mediated by irritant receptors (Sellick & Widdicombe, 1969) , or whether there are specific deflation receptors (Koller & Ferrer, 1970; Luck, 1970) . It is therefore not possible to draw any conclusions about anatomical sites for the receptors mediating this reflex. The irritant receptors stimulated by histamine, and their associated fibres, are almost certainly scattered throughout the respiratory tract, lying between the epithelial cells (Fillenz & Woods, 1970; Fillenz & Widdicombe, 1972) . The ventilatory response to PDG originating from the lung is probably mediated through non-myelinated fibres from the 'J' receptors, identified in physiological studies as lying in the interstitial space between alveoli and pulmonary capillaries (Paintal, 1969) . Non-myelinated afferent fibres have now been clearly shown at this site (Meyrick & Reid, 1971 ; Hung, Hertweck, Hardy & Loosli, 1972) . Stimulation of the peripheral cut ends of the vagus nerves produces bronchoconstriction mainly localized to airways whose resting diameters are 1-5 mm in dogs and 0-8-2 mm in cats (Nadel, Cabezas & Austin, 1971) . The effector fibres mediating this response are non-myelinated and arise from ganglion cells in the peri-and sub-chondral nerve plexuses. They are distributed throughout the thickness of the muscle layers of the bronchi as far down as the level of the bronchioles (Ploschko, 1897) ; this is also suggested by the distribution of acetylcholinesterase throughout the thickness of the muscle (White, 1968; Fillenz & Widdicombe, 1972) .
The results of the present studies have clearly demonstrated that inhalation of an aerosol of concentrated anaesthetic with particles of suitable size can effectively block the receptors and/or fibres in the airways. Since cough receptors are located more superficially and are also nearest to the source of the aerosol, it is not surprising that the most consistent and prolonged effects have been observed on the cough reflex. Abolition of the idation reflex indicates that the anaesthetic has penetrated the bronchial wall possibly as far as the smooth muscle layers. It can therefore be concluded that conduction in nerve fibres in the entire mucosal and sub-mucosal layers of the airways would be blocked. Yet, at this time, the ventilatory response to intravenous injection of histamine, which is known to stimulate the irritant receptors, was only abolished in a few of the animals. The likely explanation for this is that histamine also stimuates 'J' receptors in the rabbit (J. Mills & J. G. Widdicombe, personal communication) .
The preservation of intact conduction in the parasympathetic motor system to the bronchi is remarkable in view of the anatomical facts. The greater difficulty in blocking motor fibres with local anaesthetic has been thought to be due primarily to the fact that these fibres usually have a wider diameter than sensory fibres (Nathan & Sears, 1961) . More recently, however, evidence has been presented, at least in amphibia, that sensory fibres are more susceptible to anaesthetic block than motor fibres, even at the same fibre size (Steinmann, 1967) .
The 'J' receptors and their fibres could not be blocked apparently because the aerosol did not contain particles of a suitable size to enter the alveoli. Moreover, there is some evidence that the non-myelinated fibres innervating these receptors course outside the bronchial wall within the arterio-bronchial bundle of the acinus (Meyrick & Reid, 1971 ); these would not be reached by the anaesthetic because of the increased diffusion distance from the surface of the airways. The enhancement of the ventilatory response to intravenous PDG after the inflation reflex had been blocked, was also obtained after anodal hyperpolarization of the vagus nerves (Guz & Trenchard, 1971) . This has been explained by the hypothesis that the response in the control conditions was being modified by pulmonary stretch receptor activity.
Breathing slowed and became deeper with block of the stretch reflex. This was also found when myelinated fibres were selectively blocked in the cervical vagus nerves with anodal hyperpolarization (Guz & Trenchard, 1971) . However, in rabbits with normal lungs, these authors did not find a further change in the pattern of breathing when the differentially blocked cervical vagus nerves were cut. The lungs of the rabbits in the present study were equally free from pathological changes by light microscopy. The further change in the pattern of breathing with vagotomy seen in the present study at the height of the anaesthetic block is therefore difficult to interpret. Abolition of the stretch reflex as judged by an 'inhibitory ratio' of I may not imply that all stretch receptors and fibres are blocked (Trenchard, 1970) .
If the present results can be reproduced without toxicity in a larger animal, e.g. dog, then it should be possible to apply the technique to achieve a block of airway receptors in man.
